We have developed and evaluated a rapid, high-pressure liquid-chromatographic method for theophylline in serum. Only 0.2 ml of serum is required for each determination, and the sensitivity of this method is 0.5 mg/liter. This method, involving liquid extraction and silica adsorption chromatography, provides adequate selectivity, accuracy, and precision for routine or research applications. Little sample preparation is required before chromatography. We found no endogenous or exogenous interferences. Use of fl-hydroxypropyl theophylline as the internal standard provides reproducible results for this micro-scale method. Although the above HPLC methods are selective for theophylline, at least 27 mm of instrument time is required for each injection. Sitar et al. (17) present an HPLC method for theophylline in plasma, in which a column packed with silica is used. Their method requires 0.5 ml of plasma and at least 35 mm of processing time before the evaporation step. Their method requires less than 10 mm for chromatography and no interferences were observed. et al. (18) describe a HPLC method for 1.0 ml of plasma, with organic phase extraction and chromatography on silica.
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Theophylline, a stimulant and an alkaloid naturally occurring in tea leaves, is a drug which produces several pharmacological actions of therapeutic interest. A methylated xanthine (1,3-dimethylxanthine) , it stimulates the central nervous system, acts on the kidney to produce diuresis, stimulates cardiac muscle, and relaxes smooth muscles. A most important use is to relax the smooth muscles of the bronchi in the bronchial constriction which occurs in asthma. Treatment with theophylline definitely increases vital capacity of the bronchi (1) (2) (3) (4) (5) (6) .
Slow intravenous injection and a quantitative analytical method for measuring drug concentrations in serum are highly desired to alleviate or minimize the adverse side-effects when theophylline is given intravenously (1, (7) (8) (9) . As shown by Jenne et al. (3) , the metabolism of theophylline varies widely in rate, and a therapeutic dose for one patient may be toxic for another. Therapeutic concentrations in plasma are about 10 mg/liter; concentrations in excess of 20 mg/liter may cause nausea, headache, palpitation, a decrease in blood pressure, and occasionally death (1, 10, 11 Although the above HPLC methods are selective for theophylline, at least 27 mm of instrument time is required for each injection. Sitar et al. (17) present an HPLC method for theophylline in plasma, in which a column packed with silica is used. Their method requires 0.5 ml of plasma and at least 35 mm of processing time before the evaporation step. Their method requires less than 10 mm for chromatography and no interferences were observed.
Manion et al. (18) describe a HPLC method for 1.0 ml of plasma, with organic phase extraction and chromatography on silica.
We have developed a HPLC method for the analysis of theophylline which requires only 8 mm after injection onto the column. A liquid inlet pressure of 17.25 MPa (2500 pounds per square inch) and a flow rate of 0.4 ml/min are used with the column at ambient temperature. We also have eliminated the need for a pre-column by making a chloroform/isopropanol extract of 200 zl of serum (7-8 mm processing time before evaporation) and injecting a 5-tl sample of the reconstituted extract. The mobile phase is 6% by vol absolute ethanol and 94% by vol chloroform/heptane/acetic acid mixture, the latter prepared by mixing 300 ml of water-saturated chloroform, 200 ml of heptane, and 400 tl of glacial acetic acid. A 30 mg/liter working standard of f-HPT was prepared from the stock solution and diluted with distilled water. Used as an internal standard, this is taken through the extraction procedure during sample preparation.
Extraction and Procedure
The sample is prepared as follows: Extract 200 sl of human serum samples, standards, or controls in the presence of the acetate buffer into chloroform/isopropanol. Evaporate 5 ml of the chloroform/isopropanol extract, redissolve in 50 l of chloroform, and inject 5 jzl onto the column.
From the recorder chart, obtain peak-height measurements for theophylline and -HPT and calculate the ratio of theophylline to $-HPT. Plot ratios for the standards and calculate sample values from the working curve (Figure 1) .
The extraction is done as follows: Deliver 1.0 ml of acetate buffer at pH 6.5 into each 15-ml centrifuge tube. With the Pipetman pipet, deliver 0.2 ml of the 30 mg/ liter -HPT internal standard into each tube, followed by 0.2 ml of drug-free plasma pool. Pipet 0. With the Hamilton syringe, remove 5 l of the reconstituted extract and inject it onto the column.
Buffers of pH 4.0,6.5, and 8.0 were examined; the pH 6.5 buffer extracted the most theophylline: about 5% more than at pH 4.0 and about 20% more than at pH 8.0. The extraction coefficient doubled when isopropanol was added to the chloroform as compared to extracting with chloroform alone. We used the proportions of 20:1 for chloroform and isopropanol; proportions of 2:1 and 50:1 gave insignificant differences. About 90% of the theophylline is extracted by our protocol from either serum or aqueous standards.
Vortex-mixing times of 20s, and 1, 2, and 4 mm were evaluated; extraction was as complete in 20s as in 4 mm.
Results

Precision and Accuracy
A standard curve (theophylline, 5, 20,40 mg/liter) was prepared with each set of extractions.
The maximum variation in sensitivity observed is shown with the standard working curves in Figure 2 . These curves were obtained on different days and represent the extremes in sensitivity changes. As a column ages, sensitivity decreases and the retention time increases. The intercept of the standard working curve will move up the y axis.
Within-run precision ( Five-milliliter aliquots were frozen and a new tube of pool was used for each set of extractions.
Between-run precision was also established for a 10 mg/liter standard. A typical set of extractions includes the three standards, the two pooled plasma samples, and the human serum samples.
Interferences
A known negative serum blank shows peaks of less than 1% of full scale in the theophylline and ,3-HPT areas. Occasionally serum blanks with peaks with a re- tention time like that of theobromine of up to 5% full scale will be observed, but this is of no consequence for this method.
The following drugs produce no peaks in the time interval from the caffeine peak (3.00 mm) to the f3-HPT peak (9.25 mm): phenobarbital, diazepam, chiorpromazine, acetazolamide, furosemide, chlordiazepoxide, uric acid, 8-chlorotheophylline and dihydroxytheophylline.
A peak for chloramphenicol has a retention time of 6.25 mm, between theophylline (5.50 mm) and theobromine (8.50 mm), but does not interfere with either. Serum samples were analyzed before and after hemolysis and before and after addition of bilirubin; in neither case was the value obtained statistically different.
To evaluate the accuracy of the method we performed a series of standard addition (analytical recovery) studies. Two groups of serum samples were obtained, one with values near 10 mg/liter and another with values near 20 mg/liter. Each sample was individually analyzed with and without theophylline added. The sera with values near 10 mg/liter had added 10 and 20 mg/liter; the 20 mg/liter group had added 5 and 10 mg of theophylline per liter. Table 2 gives the recovery data. For the first group the recovery of added theophylline was 98.3% for the 10 mg/liter addition and 100.5% for the 20 mg/liter addition. For the second group the recovery was 97.3% for 5 mg/liter addition, 98.7% for the 10 mg/liter addition.
Theophylline in the serum is evidently analytically indistinguishable from added theophylline. We compared results for theophylline in human sera as measured by the HPLC and the spectrophotometric method. The data were obtained during seven months, with no more than 5 samples being analyzed each day. Duplicate extractions were conducted for the HPLC method, single analyses were done by the other method.
The spectrophotometric method is in routine use and is adequate for samples without interferences. These interferences are usually apparent from the spectra obtained.
There are interferences with many samples, and this prompted us to develop the more specific present method.
The following statistical summary of the 56 comparisons and Figure 3 illustrate the comparison data for the individual samples. The values ranged from 0.0 to 41 mg/liter and the samples included specimens that were icteric, hemolyzed, or lipemic. The slope is 0.983, they-intercept 0.278, Student's t-test value is 0.413, the bias is 0.049, and the correlation coefficient is 0.995.
Discussion
Our method is accurate, precise, and rapid. It has several advantages over other HPLC methods: only 0.2 ml of serum is needed, sample-processing time is shorter, water-based rather than serum-based standards are used along with an internal standard, and we have found no interferences after seven months during which we analyzed more than 50 sera from a hospital population. Recovery studies indicate that the HPLC method is accurate.
Moreover, in separate experiments, we determined that the signal obtained when the complete sample preparation protocol is followed is about 90% of that obtained with a direct injection of a standard solution. Precision is excellent, as shown by the within-run and between-run precision data. 
